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P ermanent M agnet T ype T hree- 
phase AC Rotary Electric Machine 

Background of Invention 

[0001] This invention relates to a rotary multi-phase electrical machine, such as a three- 
phase AC generator and a three-phase AC motor and more particularly to an 
improved coil winding arrangement therefore. 

[0002] Three-phase AC generators or motors are well known for many applications. 

Brushless electric motors are examples of machines of this type. In the conventional 
rotary electric machine, connected coil winding coils formed on magnetic pole teeth 
cooperate with permanent magnets. Upon relative rotation of the coil windings and 
permanent magnets, an electromotive force is induced in each coil (in the case of a 
generator) or a torque is generated in the rotor (in the case of a motor). The 
electromotive force or a counter electromotive force generated in each phase or line is 
the vector sum of effects of the coils in each phase or line. 

[0003] In rotary electric machines widely used in home appliances or for industrial 

applications, the supply or output voltage is relatively high. Thus, it is possible to use 
for the coil windings a flexible winding having a small diameter wound on the 
magnetic pole teeth in each phase or line. These windings are connected normally in 
series with either a Y-connection or a A -connection. The winding directions of the 
stator coils are alternated so that the polarities of the coils may be the same. 

[0004] jn addition to home or industrial application, these types of rotary electric 
machines are widely used in vehicles such as automobiles and motorcycles. For 
example, blushless motors are employed as a power source for an electric vehicle or 
the like. In general, the supply voltage in such a vehicle is lower than those for home 
or industrial uses. Thus, a heavy current must be applied to obtain a high power. 
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Therefore, in a rotary electric machine for a vehicle, the number of turns of a coil wire 
wound on each core is relatively small, and the diameter of the coil wire is relatively 
large. 

[0005] However, when a coil wire having a large diameter is used, the efficiency of 

winding the coil wire on magnetic pole teeth is significantly lowered. Also, the ends of 
coil wires in each phase must be connected at coil ends and a neutral connection must 
be made. The resulting processing is slow and difficult resulting in reduced 
production capacity and high cost. Additionally, the connections at coil terminals are 
unavoidably large, resulting in a large-size winding assembly and consequently, a 
large generator or motor. 

[0006] It is possible to connect the coils in each phase in parallel to lower the current 
therein. If this is done, a winding having a smaller diameter can be employed. This 
permits the number of turns of each coil to be increased. Because the voltage is low in 
rotary electric machine used in vehicles, the increase in number of turns can be 
relatively small. 

[0007] However, it has been found that, when the coils of each phase are connected in 
parallel, a circulating current is generated in a closed circuit formed of the coils 
connected in parallel by a phase difference of an electromotive force or a counter 
electromotive force generated in each coil, resulting in performance deterioration. 

[0008] It is, therefore, a principal object of this invention to provide a permanent magnet 
type three-phase AC rotary electric machine that has parallel windings, but also 
prevents or reduces any circulating current from flowing. 

[0009] It is a further object of this invention to provide a permanent magnet type three- 
phase AC rotary electric machine having a small diameter coil windings to permit 
reduction in the size of the machine. 

Summary of Invention 

[0010] 

This invention is adapted to be embodied in a permanent magnet type three- 
phase AC rotary electric machine including a permanent magnet element and a coil 
winding element. These elements are relatively rotatable. The coil winding element is 



APP-DD=09683997 



PAGE 2 of 22 



wired in three phases connected to a line current circuit. Each phase is comprised of a 
parallel circuit formed by connecting a plurality of series circuits in parallel. The cores 
used in each of the series circuits are so combined that electromotive voltages or 
counter electromotive voltages generated across opposite ends of the plurality of 
series circuits of each phase are substantially the same based on symmetry of 
arrangement of the permanent magnets and the coils, thereby preventing generation 
of a circulating current in the parallel circuit. 

[001 1] In accordance with another feature of the invention, the permanent magnet 

element has n-number of permanent magnet poles. The coil winding element has m- 
number slots. The value of m is at least 6. 

Brief Description of Drawings 

[001 2] FIG. 1 is an end elevational view of three phase, Y wired, rotating electrical 
machine constructed in accordance with an embodiment of the invention. 

[001 3] FIG. 2 is a wiring diagram showing how the coil windings of the three phases are 
connected. 

[001 4] FIG. 3 is an end elevational view, in part similar to FIG. 1 , showing another 
embodiment of the invention that is A wired. 

[0015] FIG. 4 is a wiring diagram, in part similar to FIG. 2, but showing the wiring of the 
coil phases of this embodiment. 

[001 6] FIG. 5 is an end elevational view, in part similar to FIG.l , but showing a three 
phase, Y wired, rotating electrical machine of the type utilized in the prior art. 

[001 7] FIG. 6 is a view, in part similar to FIG. 2, and shows the wiring of the prior art type 
of device. 

[001 8] FIG. 7 is a schematic wiring diagram, in part similar to FIG. 6, and shows another 
type of prior art type of device that is A wired. 

[001 9] FIG. 8 is a graphical view showing the circuit wave output of the prior art type 
device shown in FIG. 7. 
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[0020] FIG. 9 is a graphical view showing the sum of the harmonic frequency of the 
waveform of the line making up the line voltage. 

[0021] FIG. 1 0 is a table showing the total harmonic variations in the waveform from FIG. 
9. 

[0022] FIG. 1 1 is a waveform view, in part similar to FIG. 8, but shows the waveform of 
the circuit illustrated in FIGS. 3 and 4. 

[0023] FIG. 1 2 is a harmonic distribution curve, in part similar to FIG. 9, but showing the 
construction for this embodiment. 

[0024] FIG. 1 3 is a table showing the total harmonic distribution in accordance with this 
embodiment of the invention. 

^| [0025] FIG. 1 4 is an end elevational view, in part similar to FIG. 1 , but shows another coil 

0] winding arrangement. 

y$ 

y jt [0026] FIG. 1 5 is a schematic electrical diagram of the coil winding arrangement of this 
yy embodiment. 

!L [0027] FIG. 1 6 is a view, in part similar to FIG. 3, but shows another embodiment of the 
yj invention. 

11^ [0028] FIG. 1 7 is a schematic electrical diagram of the coil winding arrangement of this 
SI embodiment. 

[0029] FIG. 1 8 is an end elevational view, in part similar to FIG. 5, and shows another 
prior art type of arrangement. 

[0030] FIG. 1 9 is a schematic electrical diagram, in part similar to FIG. 6, but shows the 
wiring diagram for this embodiment. 

[0031] FIG. 20 is a graphical view showing the relationship of the number of slots, 
number of poles and cogging torque frequencies and winding coefficients of the 
various parameters set forth in this table for comparison purposes. 



Detailed Description 
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[0032] Referring first to FIGS. 1 and 2, these figures show the construction of a first 
embodiment of the invention comprised of a 18-slot, 16-pole generator or motor, 
identified generally by the reference numeral 51. In the illustrated embodiments the 
coil winding element, indicated generally by the reference numeral 52, forms the 
stator and is wired in a Y arrangement. As will be apparent the coil winding element 
51 may also comprise the rotor. 

[0033] In FIG. 1 , designated as 52 is an annular stator coil winding element having 1 8 

magnetic pole teeth 53 extending radially inward. On each of the magnetic pole teeth 
53 is wound a stator coil 54. A rotor or permanent magnet element (not shown) to 
which 16 permanent magnets are circumferentially fixed ip an alternate fashion is 
rotatably held inside the stator 52. Namely, a permanent magnet type rotor having 16 
poles rotates in the stator 52 having 1 8 slots (ditches). As noted above, the stationary 
and rotating elements may be reversed. 

[0034] Because the invention relates to the winding of the coils 54 and the electrical 

connections between them, certain of the mechanical components of the machine 51 
are not illustrated nor will they be described in any detail. Those skilled in the art will 
understand how the invention can be practiced with any desired machine construction 
and configuration. 

[0035] 1 6 permanent magnets are fixed to an outer periphery of the 1 6-pole rotor at 
regular intervals such that the polarities of the permanent magnets are changed 
alternately in N-S fashion. Magnets of the same polarity are disposed in positions 
symmetrical with each other with respect to the center of the rotation. 

[0036] As for the magnetic pole teeth 53 of the stator 52 and their coil windings 54, the 
U phase comprises two sets of three coil windings each of which is disposed around 
three adjacent cores 53. The sets are circumferentially spaced from each other. The 
first of these sets comprises three stator coils 54a, 54b and 54c circumferentially 
disposed in succession. The second set comprises three stator coils 54d, 54e and 54f 
spaced circumferentially from the first set. Since the situation is the same for the V 
phase and the W phase, only the U phase will be described. 

[0037] 

The circumferential intervals between the permanent magnets of the rotor are 
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slightly larger than those of the magnetic pole teeth 53 of the stator 52. However, in a 
certain rotational angle position of the rotor, when coils 54a, 54c, 54d and 54f are 
wound in one direction and coils 54b and 54e are wound in the opposite direction, the 
polarities of all the coils 54 can be the same. 

[0038] Thus, in this embodiment, a series circuit 55a comprising three coils 54a, 54b and 
54c wound in alternating directions as mentioned above and a series circuit 55b 
comprising three coils 54d, 54e and 54f are connected in parallel as shown in FIG.2. 
This parallel circuit indicated at 56 is a line current circuit. Namely, one end of the 
parallel circuit 56 is connected to a neutral point 57 and the other end thereof is 
employed as a terminal 58 (U) of the U phase. 

[0039] FIGS. 3 and 4 illustrate a generator or a motor 61 with 1 8 slots and 1 6 poles 
employing a A -connection. In this embodiment, a line circuits which form the line 
voltage are provided by parallel circuits56 similar to that in FIGS. 1 and 2. In FIGS. 3 
and 4, parts corresponding to those in FIGS. 1 and 2 are designated by the same 
numerals and their description is not repeated because those skilled in the art will 
readily understand the construction and operation of this embodiment. 

[0040] FIGS. 5 and 6 show a prior art construction for comparison with that of FIGS. 1 and 
2 that also employs a Y-connection. As with the prior art, the 6 coils 54a to 54f 
forming the line current circuit of each phase are connected in series. In FIGS. 5 and 6, 
parts corresponding to those in Fig 1 and 2are designated by the same numerals and 
their description is not repeated. 

[0041] FIG. 7 is a view in part similar to FIG. 6 and is for comparison purposes with the 
inventive arrangement shown in FIGS. 3 and 4. A machine having this construction 
was driven by an electric motor and the driving amperage of the driving motor was 
measured. The same was done with the construction shown in FIGS. 3 and 4. Actual 
amperage to drive each machine is substantially the same, but as may be seen from a 
comparison of FIGS. 8, 9 and 1 0 with FIGS. 1 1 , 1 2 and 1 3, the waveform in 
conjunction with the inventive structure is much more uniform and the total harmonic 
disturbances are substantially less as seen in the tables of FIGS. 1 1 and 1 3, 
respectively. Also, because of this construction, there is no substantially rotating 
counter current that could cause difficulties in performance. 
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[0042] Similar results would be obtained by comparing the embodiment of FIGS. 1 and 2 
with the prior art constructions shown in FIGS. 5 and 6. That is, the efficiencies would 
be approximately the same, but the harmonic distortions would be much greater with 
the straight series connection than the parallel connection of series arrangements in 
accordance with the invention. 

[0043] FIGS. 1 4 and 1 5, FIGS. 1 6 and 17 and FIGS. 1 8 and 19 show constructions of a 1 2- 
slot, 14-pole generators or a motor to explain another feature of the invention. The 
first two of these constructions (FIGS. 1 4 and 1 5 and FIGS. 1 6 and 1 7) em body the 
invention. The remaining construction shows the prior art for comparison. 

[0044] FIGS. 1 4 and 1 5 show an arrangement of magnetic pole teeth of a stator 

employing a Y-connection according to the present invention (Y parallel connection) 
and a coil wiring diagram thereof , respectively. 

[0045] FIGS. 1 6 and 1 7 show an arrangement of magnetic pole teeth of a stator of an 
embodiment employing a A -connection ( A parallel connection) according to the 
present invention and a coil wiring diagram thereof (B). FIGS. 1 8 and 1 9 show and an 
arrangement of a comparative example of magnetic pole teeth of a stator and a coil 
wiring diagram thereof, respectively of the prior art construction having a Y 
connection. 

[0046] In FIGS. 16 through 19, since the construction is the same as those previously 

described, except that the number of coils 54 forming each of the line current circuit 
or line circuits 55 is 4 (54a to 54d), corresponding parts are designated by the same 
numerals and their description is not repeated. In FIGS. 14, 1 6 and 1 8the rotor 71 is 
shown. The rotor 71 has 14 permanent magnets 72 circumferentially arranged at 
regular intervals and in alternate fashion. The embodiments shown in FIGS. 14 and 1 5 
and FIGS. 16 and 1 7producea similar result to the embodiments of FIGS. 1 and 2 and 
FIGS. 3 and 4. 

[0047] 

Although embodiments having 18 slots and 16 poles and 12 slots and 14 poles 
have been specifically illustrated, the present invention is not limited to such 
embodiments. Other combinations of the number m of slots and the number n of 
poles are possible. When the number n of poles and the number m of slots have a 



APP-ID=09683997 



PAGE 7 



common divisor, each of the coils of the plural serial circuits constituting the plural 
parallel circuits disposed in each phase or line will produce similar results. 

[0048] The reason for this is that when there is a common divisor, 2 for example, the 

magnetic poles of the rotor are arranged symmetrically with respect to the center axis 
thereof and a plurality of coils forming two serial circuits in one parallel circuit are 
arranged symmetrically with respect to the center thereof. In this case, since the 
electromotive forces and the counter electromotive forces of the plural serial circuits 
are always the same, it is possible to eliminate a circulating current in the parallel 
circuit with certainty. 

[0049] Each of the plural serial circuits forming the parallel circuit may be formed of one 
coil but is preferably formed of at least two coils. When formed of at least two coils, 
one parallel circuit takes at least 4 coils. Namely, the number m of slots is 3M 
(wherein M is a multiple of 2 or 3, at least 4) and m coils corresponding to one phase 
are divided into L sets each comprising M/L coils, whereby the electromotive forces or 
the counter electromotive forces of serial circuits in each set can be equalized. 

[0050] In a permanent magnet type rotary electric machine, periodic changes of driving 
torque (which is called cogging torque) is generated when the rotor is rotated. It is 
preferable to decrease the cogging torque, because the driving torque can be 
decreased in the case of a generator and torque variation of output can be decreased 
in the case of a motor. 

[0051] As one of conditions for improving the efficiency of a rotary electric machine, a 
winding coefficient Kw is known. When inclined slots are not employed, the winding 
coefficient Kw is represented by a product of a short-pitch winding coefficient Kp and 
a distributed winding coefficient Kd. Namely, Kw = Kp x Kd. The short-pitch winding 
coefficient Kp indicates a difference between a pitch of the coils and a pitch of the 
magnetic pole teeth and the distributed winding coefficient Kd indicates the degree of 
winding concentration of a coil. 

[0052] 

FIG. 20 shows winding coefficients (lower row) and cogging torque frequencies 
(upper row) obtained with various combinations of the number m of slots (the number 
of magnetic pole teeth) and the number n of poles. It has been found that 
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combinations in a region z between a line Vand a line "y" represented by the 
following equations, respectively, are preferred. 

[0053] Line x; m = (3/4) x n Line y; m = (3/4) x n Namely, with a combination in the 

region z, since the winding coefficient Kw is sufficiently large and the cogging torque 
frequency is large, the cogging torque will be relatively low. Thus, it is preferred that 
the number m of slots and the number n of poles be selected among the 
combinations in the region z. 

[0054] As has been described, a line current circuit through which a phase current flow is 
formed by a parallel circuit formed by a plurality of serial circuits each comprising one 
or a plurality of stator coils so that electromagnetic voltage or counter 
electromagnetic voltage generated across opposite ends of the plural serial circuits 
may be always almost same. Thus, a circulating current does not flow in the parallel 
y| circuits, whereby the efficiency of the rotary electric machine can be improved. Also, 

Zl since the line current circuit of each of the phases is constituted of a parallel circuit, 

Ui 

U4 the current flowing in each of the stator coils is small so that the diameter of the 

stator coil wire can be small. Thus, the winding of the coils can be improved. Also, the 
processing of the coil terminals is facilitated and the processed portions of the 
C| terminals can be made small, resulting in small-size rotary electric machine. Of 

J? course the foregoing description is that of preferred embodiments and various 

H changes may be made without departing from the spirit and scope of the invention, as 

fj] defined by the appended claims. 
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